Asymmetric Lineshape due to Inhomogeneous Broadening 
of the Crystal-Field Transitions in Mn 12 ac Single Crystals 
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The lineshape of crystal-field transitions in single crystals of Mni2 ac molecular magnets is de- 
termined by the magnetic history. The absorption lines are symmetric and Gaussian for the non- 
magnetized state obtained by zero-field cooling (zfc). In the magnetized state which is reached when 
the sample is cooled in a magnetic field (fc), however, they are asymmetric even in the absence 
of an external magnetic field. These observations are quantitatively explained by inhomogeneous 
symmetrical (Gaussian) broadening of the crystal- field transitions combined with a contribution of 
off-diagonal components of the magnetic susceptibility to the effective magnetic permeability. 
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I. INTRODUCTION 

The high-spin magnetic cluster of Mni2 ac (which 
stands for [Mn 12 Oi2(CH3COO)i 6 (H 2 0)4]-2CH 3 COOH • 
4H2O) is the prime example of single- molecule based 
magnets which reveal a number of interesting phenomena 
like mesoscopic quantum tunneling of the magnetization 
and quantum phase interferenceiaSi&ai 5 ^. Over a wide 
range the properties of Mni 2 ac are determined by the 
splitting of the crystal field (CF) of the S = 10 ground 
multiplet described by the spin HamiltonianL2*2ii£ 

H = DSl + D A St + B\{S% + St)/2 - g f i B S ■ H (1) 

where the first three terms represent the crystal field and 
the last one the Zeeman energy in a magnetic field H. 
The large single-ion anisotropy with an energy barrier of 
~ 65 K is produced mainly by the axial term DSl with 
D < 0. The magnetization M of the cluster is stabilized 
along the fourth order C4 symmetry axis. At low tem- 
peratures resonant tunneling through the energy barrier 
is possible if the energy levels on both sides coincid e) 3 : 4 : 5 . 

In the last years the structure of the energy levels of 
the ground state multiplet of Mn^ac and the parame- 
ters of the effective spin Hamiltonian Q were studied 
by EPR measurements^, inelastic neutron scattering 9 
and quasioptical magnetic spectroscopyiSiii* 1 ^. Cur- 
rently much attention is devoted to the shape and width 
of the absorption lines (CF transitions) which may pro- 
vide a deeper understanding of the mechanisms of quan- 
tum tunneling in real crystals of molecular magnets. The 
Gaussian lineshape found at zero fieldii* 1 ^ directly in- 
dicates an inhomogeneous character of the line broad- 
ening due to a distribution of intra-crystalline interac- 
tions, in particular, magneto-dipolar and crystal fields. 
Detailed EPR investigationsi 3 * 1 ^ 5 ^ of various contri- 
butions to the line broadening (distribution of the crys- 
tal fields, g-factors, dipolar fields) revealed an important 
role of the CF distribution coming from local strains 
(D-strain). In addition, the asymmetry of the EPR 
lines was attributed— to the distribution of the easy-axis 



orientation. In particular, dislocations in real crystals 
were suggested to cause a distribution of crystal fields 
which strongly influences the mechanism of quantum 
tunneling 1 ™. We have applied a novel type of magnetic 
spectroscopy to study the influence of the inhomogeneous 
broadening on the lineshape of magneto-dipolar transi- 
tions in Mni2ac which allowed us to reveal new features 
and to advance an alternative explanation. 



II. EXPERIMENTAL RESULTS 

A few dozen of Mn^ac single crystals of typically 1 to 
2 mm in size were aligned to a mosaic of about 0.5 mm 
thickness and 7x7 mm 2 area such that the C4 axes 
of the crystals lay in the plane of the plate and were 
parallel to each other (to an accuracy better than 3°). 
Using a frequency-domain magnetic spectroscopy^, we 
studied the magnetic absorption by measuring the opti- 
cal transmission coefficient in the frequency range from 
8 to 18 cm . The experiments were performed at tem- 
peratures T — 2.33 K in a magnetic field H up to 7 Tesla 
which was oriented perpendicular to the magnetic field 
vector h of the radiation propagating with the wavevec- 
tor q along the y-direction (Voigt geometry: h | x, q | y, 
H || z || C 4 ). 

The two transmission spectra plotted in Fig.^show the 
I =b 10} — > |±9) transition measured at T = 2.33 K with no 
external field present: H — 0; note that this corresponds 
to a real zero- field EPR experiment. In one case (non- 
magnetized, zfc state) the sample is cooled down without 
applied magnetic field, in the second case (magnetized, 
fc state) the crystals are cooled from 40 K in a field of 
1 T (parallel to C4) which was subsequently switched off. 
In fc crystals the resonance frequency is shifted up by 
0.1 cm~' and the lineshape is significantly asymmetric, 
with the slope smoother on the left (low-frequency) side. 
Applying a magnetic field parallel to the C4 axis of the fc 
crystals increases the transition frequency as displayed in 
Fig. [2 the lineshape remains asymmetric similar to the 
H = case. 
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FIG. 1: Magnetic absorption due to the ± 10) -> ± 9) 
crystal-field transition of Mni2ac single crystals as observed 
in the transmission spectra at T = 2.33 K without exter- 
nal magnetic field. In one case (zfc) the sample is cooled 
down without applied magnetic field, in the other case (fc) it 
is cooled in a magnetic field of 1 T which was subsequently 
switched off. The solids lines represent the calculations us- 
ing a single Gaussian line and an effective susceptibility as 
described in the text. 
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FIG. 2: Absorption of the | ± 10) -> | ± 9} crystal-field tran- 
sition in Mni2ac single crystals at T — 2.33 K measured by 
transmission at different magnetic fields. The lines represent 
the calculations using a single Gaussian term and an effective 
susceptibility. 



III. ANALYSIS 



For a quantitative description of the spectra we have to 
consider the radiation propagating along z axis through 
a transversely magnetized medium e\\y ), whose 

optical response is determined by an effective magnetic 



permeability 

^cff(^) = IJ>XX{V) ~ H X y(v)Hy X (ls)/Ll y y(ls), (2) 

and thus depends on both diagonal and off-diagonal com- 
ponents of the magnetic permeability pij {v) or suscepti- 
bility Xik(v) {pik{v) = l+47TXifc(^)) , where the latter are 
sensitive to the magnetic state of the sample (fc or zfc). 
For low temperatures only transitions from the ground 
state to the first excited state | =b 10) — > | ± 9) contribute 
to the susceptibility 

Xxx,yy{v) = X±(v) = X+10R+w(v) + X-W R -lo(v), (3) 



Xxyiv) = -Xyx{v) (4) 

= iv[x +w R+w{v) / v+w - X-io-R-ioM/^-io], 

where hv±i$ = E±g — E±iq — hviQzkgpsHz are the tran- 
sition frequencies between the corresponding states on 
one (+) or another (-) side of an anisotropy barrier. Here 
hv% = ~19[D + £> 4 (10 2 + 9 2 )] is the zero-field frequency 
and x±io = 2N (gp B (10\S x \9)) 2 (p± w - p± 9 ) /hu± w are 
the contributions to the magnetic susceptibility due to 
the corresponding transitions, N is the particle den- 
sity, and p m is the population of the energy levels 
E m which are given by the Boltzmann factor p m — 
exp{— E m /ksT}/ ^~Jexp{— E n /ksT} in an equilibrium 
state. The lineshape functions R±io(v) = R m {v) may 



be either Lorentzian R m (^) 



or Gaussianii with the imaginary part 

R'M = {n/^iv/a^ {exp[-( V - Vm ) 2 /2a 2 m \ 

+exp[-{v + Vm ) 2 /2<j 2 m ]} , (5) 

and the real one determined via the Kramers-Kronig re- 

oo 

lation R' m (v) = (2/vr) / vxtt^fa) / {vf - v 2 )Av x . 
o 

In a nonmagnetized state, when the population is the 
same on both sides of the barrier, p+io ~ P-io, and 
the off-diagonal components of the susceptibility vanish 
Xxy,yx(y) — 0, the effective permeability is given by 



p^(y) = p xx {v) = 1 + 4ttx±M, 



(6) 



where the diagonal susceptibility component x^i 11 ) is 
determined by Eq. © for x+io = X-io = Xio/2 and 
R+io — R-io- In a magnetized state (p+io ~1, P-io ~ 0) 



1 + 
1 + 



4ttx±(^)[1 + 4vrxiM(l - v 2 lv\)\ 



1 + AttxAv) 



^xA v ) 

1 + 4ttxj.(^)' 



(7) 



where X±-[ v ) = X+wR+w{ v )- F° r H = the functions 
X_l(V) in the Eqs. © and Q) coincide and the difference 
between zfc and fc permeability is mainly determined by 
the denominator 1 + 47tx_l(^) in Eq. (|7|). 

As shown in Fig. ^ by the solid lines, we can nicely 
fit our experimental results for both the fc and zfc states 
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by using the expressions for the transmission coefficient 
of a plane-parallel layer— and a Gaussian lineshape en- 
tering for R±{v) in X-i-iy)- The main parameters, the 
CF resonance frequency z/° = 10.002 cm -1 , the Gaus- 
sian linewidth af^ = 0.095 cm -1 (corresponding full 
width at the half of maximum Avf — 2\j2 In 2af Q w 
0.224 cm' 1 ), and the contribution to the permeabil- 
ity AfiiQ = 47rxio = 0.076, were found by fitting only 
the zfc data™. The calculated spectra reproduce both, 
the upward shift of the resonance frequency and the 
asymmetry of the lineshape in the fc state. The in- 
crease of the resonant frequency from the value vw in 
zfc state to ~ ^io\/(l + A^io) in the fc state is mainly 
due to the change of the effective permeability since the 
off-diagonal term of the susceptibility becomes signifi- 
cant. A slight renormalization of the resonance frequency 
hVio = hvio + gfiB\\Mo in the fc state is caused by 
the weak internal dipolar magnetic field; from our fit we 
obtain Ay Mo » 265 Oe (i.e. gfi B X\ { M « 0.024 cm" 1 ), 
where Mq is the magnetization— The above statement 
concerning the shift of the resonance frequency in the fc 
state is true both for Lorentzian and Gaussian lineshape. 
For the change of the shape, however, it is essential that 
the lines are inhomogeneous broadened and have to be 
described by Gaussian lines. 

In Fig. |3 the imaginary part of the permeability spec- 
trum /j,"ff(i/) (which describes the magnetic absorption) 
in the fc state is calculated assuming a Gaussian and a 
Lorentzian lineshape R m {v). It is clearly seen that the 
line becomes asymmetric only in the case of the Gaussian 
lineshape while for the Lorentzian case it remains sym- 
metric. This important result is connected to the fact 
that for a Lorentzian lineshape R m (i>) in the Eq. only 
the resonant frequency and the contribution (" strength" ) 
are renormalized, while the overall frequency dependence 
of jjL e s(v) remains unchanged, i.e. Lorentzian— In the 



0.6 | , 1 . 1 . r 




9.6 9.8 10.0 10.2 10.4 

Frequency (cm -1 ) 

FIG. 3: Magnetic absorption spectra fi" at zero magnetic 
field (H = 0) for the field-cooled (fc) state of Mm 2 oc. The 
calculation compare Gaussian with Lorentzian lineshapes of 
the | ± 10) — > | ± 9) crystal-field transition. 



case of inhomogeneousely broadened (Gaussian) lines, 
their shape is disturbed 2 -. Our approach also explains 
the asymmetric lineshape for finite magnetic fields, as 
demonstrated in Fig. [21 where the solid lines correspond 
to calculations using g = 1.93 and the aforementioned 
parameters. 



IV. DISCUSSION 

An asymmetrical EPR lineshape of Mn 12 ac magneto- 
dipolar transitions was reported in— and was explained 
subsequently 17 by random distributions not only of the 
D parameter of the crystal field but also of the easy- 
axis orientation. In this case, however, the asymmetry 
should vanish in zero magnetic field which is in contra- 
diction to our present observations. Hence, the asym- 
metry of the lineshape can in principle not be connected 
with the distribution of the easy axis but rather is de- 
termined by a distribution of the zero-field resonance 
frequencies. It should be noted that the experimental 
measurement geometry (Voigt configuration) is of cru- 
cial importance 25 . Since regular EPR experiments are 
performed at fixed frequencies as a function of applied 
magnetic field - in contrast to our experiments which 
are conducted at fixed (finite or zero) magnetic field as 
a function of frequency - the smaller slope is found on 
the right (high-field) side relative to the resonance field 
as reported by Hill et al— . Assuming that the main con- 
tribution to the observed linewidth is given by the dis- 
persion of the crystal field AD and taking into account 
that of /^io = AD/{D + 181D 4 ) w AD/D, we obtain 
AD « 0.01D which is half the value estimated inA&. 

Recently it was shown 2 ^ that a disorder of the acetic 
acids of crystallization induces different CF distortions 
at the Mn 3+ ions positions; as a result six different 
isomers can be found. The estimated CF parameters 
D(n) for the most populated isomers are -0.769 K, 
-0.778 K and -0.788 K for n = 1,2,3, respectively^. 
The relative differences \D(2)-D(1)\/D(2) = 0.0115 and 
\D(3)-D(2)\/D(2) = 0.0128 agree very well with the CF 
distribution obtained from the linewidth. A simulation of 
the observed fc and zfc spectra by three narrower Gaus- 
sians lines, corresponding to the three isomers with the 
given concentrations, provides an excellent description of 
the whole lineshape (not shown) . According to Cornia et 
ali2£ the CF distortions in the Mn^ac isomers are accom- 
panied by an appearance of a second-order transverse CF 
term E(S^. — Sy) which is responsible for the tunnel split- 
ting and increase of the relaxation rate. The correlation 
between D and E terms opens a possibility to observe an 
inhomogeneous relaxation of the spectra inside the line in 
a long-living non-equilibrium state created by magnetic 
field inversion—. 

In summary, using high-frequency magnetic spec- 
troscopy we discovered a dependence of the frequency 
and lineshape of the magneto-dipolar transitions in 
Mni2ac on the magnetic history of the sample. Zero-field 
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cooled samples show a symmetrical Gaussian lineshape 
of the S = 10 ground multiplet transition |±10) — > |±9). 
If the sample was previously cooled in magnetic field, the 
line becomes asymmetric and shifts up in frequency by 
about 0.1 cm -1 even for H = 0. These observations are 
explained by an inhomogeneous (Gaussian) distribution 
of the resonant frequencies taking into account the effec- 
tive susceptibility of the transversely magnetized medium 
which includes off-diagonal components and the internal 
magnetic field. We quantitatively describe the absorp- 
tion seen in the transmission spectra for both H = 
and H =/= and determined the main characteristics of 



interactions in the system. 
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